Biological molecular assemblies are excellent models for the development of nanoengineered systems with desirable biomedical properties. Here we report an approach for fabrication of spontaneous, biologically active molecular networks consisting of bacteriophage (phage) directly assembled with gold (Au) nanoparticles (termed Au-phage). We show that when the phage are engineered so that each phage particle displays a peptide, such networks preserve the cell surface receptor binding and internalization attributes of the displayed peptide. The spontaneous organization of these targeted networks can be manipulated further by incorporation of imidazole (Au-phage-imid), which induces changes in fractal structure and near-infrared optical properties. The networks can be used as labels for enhanced fluorescence and dark-field microscopy, surface-enhanced Raman scattering detection, and near-infrared photon-to-heat conversion. Together, the physical and biological features within these targeted networks offer convenient multifunctional integration within a single entity with potential for nanotechnology-based biomedical applications.
I
n nature, the assembly of molecules and particles is often directed by hydrophobic, van der Walls, and͞or electrostatic interactions (1, 2) . Biological systems in particular are driven toward energetically favorable structures that have molecular selectivity and recognition and thus serve as models for nanoscale engineering-based molecular assembly. Given that filamentous bacteriophage (phage) (3) (4) (5) (6) are resistant to harsh conditions such as high salt concentration, acidic pH, chaotropic agents, and prolonged storage (6) , they are suitable candidate building blocks to meet the challenges of bottom-up nanofabrication (1, 2) . Moreover, the pIII minor capsid protein of the phage can be easily engineered genetically to display ligand peptides that will bind to and modify the behavior of target cells in selected tissues (3, 4, (6) (7) (8) . Thus, the tactic of integrating phage display technology with tailored nanoparticle assembly processes offers opportunities for reaching specific nanoengineering and biomedical goals (1-4, 6, 8-10) .
In this work, we show that such networks are biocompatible and preserve the cell-targeting and internalization attributes mediated by a displayed peptide and that spontaneous organization (without genetic manipulation of the pVIII major capsid protein), and optical properties can be manipulated by changing assembly conditions. By taking advantage of gold (Au) optical properties (11) (12) (13) (14) (15) (16) , we generated Au-phage networks that, in addition to targeting cells, can function as signal reporters for fluorescence and dark-field microscopy and near-infrared (NIR) surface-enhanced Raman scattering (SERS) spectroscopy. Notably, this strategy maintains the low-cost, high-yield production of complex polymer units (phage) in host bacteria and bypasses many of the challenges in developing cell͞peptide detection tools, such as complex synthesis and coupling chemistry, poor solubility of peptides, the presence of organic solvents, and weak detection signals. We also show that, despite the evident structural contrast between the Au-phage fractal networks and the usual geometrically symmetrical nanostructures (17, 18) , these networks can effectively integrate the unique signal reporting properties of Au nanoparticles while preserving the biological properties of phage.
Results and Discussion
Design, Synthesis, and Characterization of Au-Phage Networks. We hypothesized that spontaneous assembly of Au nanoparticles onto phage occurs without genetic modification of the pVIII major capsid proteins or complex conjugation chemistry (Fig. 1a) . To test that hypothesis, we generated biologically active networks of directly assembled Au-phage complexes by optimizing the phage concentration required to convert Au colloidal solutions into hydrogels, which is the precursor for generating network suspension (Fig. 1b) . We first tested the biocompatibility and cytotoxicity of these networks by showing that C17.2 murine neural stem cells widely infiltrate the Au-phage hydrogel network structure indicated by the stretched Au-phage fibers ( Fig. 1 c and d) and continue to proliferate (data not shown). Next, we found that the surface plasmon absorption wavelengths of the Au-phage complexes can be modulated by changes in phage input and the presence of imidazole (imid). TEM, elastic light scattering, visible͞NIR absorption and NIR SERS confirmed Au-phage assembly. Data on these findings are presented in the following paragraphs.
We used two strategies to generate biologically active networks: with or without the metal-binding molecule imid (Fig. 1a ) (11, 19) . The different assemblies yielded distinct network organizations, as revealed by transmission electron microscopy (TEM) (Fig. 1e ). Au nanoparticles appear as black dots connecting long, white, filamentous phage structures. Once assembled, the phage in these networks still maintained their ability to infect bacteria (Fig. 1f ) and showed distinctive physical characteristics such as fractal structure and NIR optical properties. Because fractal patterns are often observed in naturally occurring assembly processes (19, 20) , we evaluated whether the spontaneously assembled structures would show fractal traits and whether this feature could distinguish the structural differences between the networks. The fractal dimension (Df) analysis of the two-dimensional TEM images (Au-phage, 1.32 Ϯ 0.12; Au-phage-imid, 1.78 Ϯ 0.14; t test, P Ͻ 0.0001) correlated with the apparent aggregation of Au nanoparticles within each network. The lower Df for Au-phage indicated looser, more dispersed structures observed by TEM ( Fig. 1e Upper) ; in comparison, the higher Df for the Au-phage-imid reflected the denser networks as a result of imidazole-induced aggregation (Au-imid) of Au nanoparticles (Fig. 1e Lower) . Consistently, angle-dependent elastic light-scattering Df analysis (based on Rayleigh-Debye-Gans scattering theory) (21, 22) revealed the same Df trend for the networks in solution (data not shown) as that obtained from the TEM image analysis. The characteristic high-surface area of fractal networks (23) can improve accessibility to binding sites, which is a central feature for fabricating cell-targeting systems.
Next, we evaluated network formation by monitoring the shift in surface plasmon absorption into the NIR spectral region when phage concentration was increased [ Fig. 2 a (spectra red shift indicated with an arrow) and b]. The red shift, which generally occurs when the distance between Au nanoparticles (d Au ) is less than the average particle diameter (2r Au ; d Au Ͻ 2r Au ), is usually a good diagnostic for Au-Au interactions because of particle agglomeration (14) (15) (16) .
It is our hypothesis that the native pVIII major capsid proteins function as the binding sites for the Au-phage network assembly (Fig. 1a) . Given the absence of typical metal-binding amino acid residues (such as Cys and His) on the pVIII protein, the direct assembly of Au nanoparticles onto phage should be largely directed by electrostatic interactions (14) (15) (16) (24) (25) (26) (27) (28) (29) . It is well known that Au nanoparticles can be made to agglomerate by varying solution ionic conditions (specifically, agglomeration shows a dependence on ionic strength). In solution, Au nanoparticles are coated with a layer of adsorbed citrate anions (citrate from Au nanoparticle synthesis procedure) (14) (15) (16) 30) . Attraction between like-charged particles can occur because of correlated fluctuations in the surrounding ion clouds. Thus, the presence of ions can be used to mediate the agglomeration. For example, Au nanoparticles agglomerate in the presence of salt as indicated by a broadening and shift to longer wavelength in the surface plasmon absorption peak (Fig. 2a , no phage, green spectrum). It has been reported that phage particles (both fd and M13) also act as polyanionic particles in solution with several negative surface charges associated with each of the Ϸ2,700 copies of the major capsid protein (fd is more anionic than M13 because of the replacement of Asn-12 with Asp-12) (26) (27) (28) (29) . In addition, bundles of phage form from like-charge attraction (26) (27) (28) (29) , and analogous to the mediation of Au nanoparticle agglomeration, solubilization of such bundles depends on solution ionic strength. We found that Au agglomeration induced by 0.25 M NaCl (Fig. 2a , no phage, green spectrum) could be minimized by Au-phage interactions (indicated by the small red shift) when phage input increased, which suggests a similar physical interpretation for binding in the mixed phage͞Au systems as that found in the Au-Au and phage-phage binding. These findings indicate a greater stability of the Au-phage networks in the presence of salt.
To explore further the role of electrostatics in the assembly mechanism, we monitored network formation at a series of solution pH levels (Fig. 2b) . Under all tested conditions, phage have an overall negative charge, but we observed formation of the Au-phage networks only at a pH level well below the calculated pI (9.4) of the individual pVIII proteins (31) . For solutions in which networks did form (as indicated by the extinction at 710 nm attributable to Au aggregation), lower pH levels led to increased extinction. These results imply that the pVIII positive charge at pHՅ7 mediates the mechanism of assembly through opposite-charge interaction (Fig. 2c) between the citrate-adsorbed Au nanoparticles and the thin and long phage surface (6 ϫ 1,000 nm) (26) (27) (28) (29) . Finally, the data in Fig.  2b show that at a low phage input level, the aggregation falls off because of titration of phage-binding sites in the solution.
Next, we compared the optical properties of the purified Au-phage and Au-phage-imid network solutions. The more compact Au-phage-imid complexes had a relatively larger red shift in the extinction spectrum with increased absorptivity in the NIR wavelength region (700-900 nm; Fig. 3a ) (16, 32) . To support the assertion that NIR photons were also being absorbed instead of only scattered by the larger agglomerates, we measured the temperature change for the two network solutions as a direct function of illumination time by using NIR incident laser light (785 nm; Fig. 3b ). There was a substantial temperature change for both the Au-phage and Au-phage-imid networks from the efficient photon-to-heat conversion, which demonstrates that the NIR photons are being absorbed as a result of the surface plasmon absorption red shift.
Finally, we used NIR SERS spectroscopy to characterize the interactions among Au, phage, and imid ( Fig. 3c and Table 1) . Differences between the spectra of Au-phage and Au-phageimid seem to arise from the distinct chemical environments in the vicinity of the Au nanoparticles. Signature bands for phage and Au interaction emerged by identifying common attributes when comparing NIR SERS spectra intrinsic with each of the networks (33, 34) and controls. First, from an analysis of control experiments without phage (Au-imid, Fig. 3c , orange curve), the 1,030-cm Ϫ1 band is a SERS feature that is detected only in the networks spectra (33) (34) (35) and could be assigned to Tyr, Phe, and͞or Met (pVIII major capsid protein). Second, the mode at 1,445 cm Ϫ1 is likely attributed to Trp and͞or Met (33) (34) (35) . A third peak was seen only in the Au-phage spectrum (the broad and low intensity peak centered at 840 cm Ϫ1 ), which has been assigned to Tyr residues present within the pVIII (33, 34) . Several other peaks (750, 840, 954, 1,109, 1,169, and 1,268 cm Ϫ1 ) present in the Au-phage-imid spectrum have been observed in systems in which imidazole is adsorbed onto Au (36) or silver (37) electrodes. Additional peaks in the Au-phage spectrum might be attributable to exposed residues on the major capsid. For example, strong SERS signals near 1,147 and 1,301 cm Ϫ1 have been observed in systems of both Lys and Met with Au nanoparticles (the last three amino acids of the exposed Nterminal end of the pVIII capsid are Lys-Lys-Met) (35) .
Targeted and Fluorescence-Enhanced Cell Detection. To evaluate whether Au-phage-based networks could be efficiently used to study peptide ligand binding to receptors on the cell surface as well as receptor-mediated properties such as phage internalization, we performed immunofluorescence-staining assays with antibodies directed to the phage capsid. Melanoma cells were chosen because they express high levels of ␣ v integrins (38) , the cell surface receptor for a well characterized phage displaying the peptide CDCRGD-CFC (termed RGD-4C) (39) . Here we show that the targeting and receptor-mediated internalization capabilities of the RGD-4C peptide remained intact within the Au-RGD-4C networks (Fig. 4a) . Accordingly, internalization was inhibited (40) in a dose-dependent manner when cells were preincubated with the RGD-4C synthetic peptide before incubation with Au-RGD-4C networks (Fig. 4b) . The likely synergy between the receptor-mediated phage internalization and electromagnetically induced surface enhancement of the Au nanoparticles (41) resulted in an increase in the enhanced fluorescence for the targeted Au-RGD-4C networks (Fig. 4a) relative to those observed for the RGD-4C phage alone (Fig. 4c) . Negative controls show only background signal (Fig. 4 d-f ).
Confocal Fluorescence Image Analysis. We reasoned that, when examined by confocal microscopy, Au-phage networks could serve as sensitive reporters to localize and evaluate ligand binding and receptor-mediated internalization events (Fig. 5) . It seems that differences in the structure of the targeting networks result in distinct kinetics of the internalization event that follows ligandreceptor binding. By incorporating imid into the nanoarchitecture of the networks, we were able to influence the localization of the Au-phage networks to either the cell surface or cytoplasm. More compact networks with a higher Df (Au-RGD-4C-imid) preferentially localized at the cell surface, whereas those with a lower Df (Au-RGD-4C) were internalized (Fig. 5) . Dynamic examination of confocal image stacks from different cell planes is consistent with this interpretation (data not shown). These results lead us to hypothesize the existence of an aggregate morphology dependence (as measured by Df) for receptor-mediated internalization, in which network changes from more to less compact structures might favor cell internalization over surface binding. These findings suggest that the control of network morphology through titration with a nanoparticle complexing agent such as imid may be used to modulate their ligand-directed cell-targeting ability to match a desired application.
Elastic Light Scattering and SERS Detection of Cells with Targeted
Networks. To extend the light-scattering attributes of the networks into analytical applications, we used dark-field microscopy to generate a single-step, fast, sensitive imaging system that does not require staining (Fig. 6 ). Dark-field microscopy detects scattered light, and the large scattering cross section of the Au nanoparticles (11-13) makes them ideal contrast agents. The Au-RGD-4C-targeted networks (Fig. 6a ) when compared with RGD-4C phage without Au (data not shown) or networks formed by untargeted nanoparticles (Fig. 6b) showed markedly increased signal. We next evaluated the potential of Au-phage-imid networks as cell nanosensors by integrating their unique Raman spectrum to their biological activity (Fig. 7) . We measured the SERS spectra of suspended cells incubated with Au-phage-imid by using a fiberoptic probe to deliver 785-nm laser light and to collect the Raman signal into a spectrometer (Fig. 7a) . We obtained the NIR-SERS spectra of mammalian cells incubated with Au-phage-imid networks (Fig. 7b) . The high signal intensity (blue spectrum, Au-RGD-4C-imid) directly correlated with the level of cell binding and internalization by the networks carrying phage directed at ␣ v integrin receptors on the surface of target cells. Cells treated with RGD-4C phage alone could not be differentiated from untreated cells. The sensitive detection and distinct SERS spectra for the cells treated with Au-phage-imid showed that phage, Au nanoparticles, and imid (or imid-like molecules) can be combined to form distinct Raman signal signatures as reporters for receptor-mediated targeting in cells or tissues. Peak-intensity differences in SERS spectra between the cell-free (Fig. 3c) and bound Au-RGD-4C-imid (Fig.  7b) are likely the result of cell binding and internalization events.
Because of the very high chemical selectivity and sensitivity of NIR SERS spectroscopy (42) , the Raman labeling strategy described here can provide SERS-based labels for highthroughput molecular and biological detection schemes.
Materials and Methods
Au-Phage Synthesis and Quantitation. Insertless phage (fd-tet) and phage displaying the targeting peptide RGD-4C on the surface of its pIII protein were amplified in host bacteria and purified (6) . The 44Ϯ9-nm Au nanoparticle solution, verified by TEM image analysis, was prepared following the common citratereduction (30) , was added to each dilution without mixing and allowed to stand for 12 h at room temperature (here, hydrogel formation takes place). Preparations then were mixed together in sequential order beginning with the least concentrated. Au-phage-imid networks were produced by mixing equal volumes of 10 9 TU͞l of phage and 1.0 M imid, followed by the addition of an equal volume of Au solution (4.2 a.u., extinction measured at 530 nm). Finally, the networks were purified by three consecutive centrifugation cycles (20,800 ϫ g, relative centrifugal force for 30 min) in glass sterile tubes (Becton Dickinson). Extinction of the Au-phage was measured at 530 nm and adjusted to between 1.2 and 1.5 a.u. by either diluting with water or concentrating by centrifugation. The fd-tet phage was used as a negative control to evaluate background under all of the experimental conditions. Standard bacterial infection was used to determine phage titers as described in ref. 19 .
Hydrogel Biocompatibility and Cytotoxicity. Assembly of Au-phage hydrogel was achieved by adding 150 l of Au nanoparticles (1.2 a.u for extinction at 530 nm) to 150 l of aqueous solution of RGD-4C-displaying phage (0.14 a.u. for extinction at 270 nm) under sterile conditions in a 96-microwell plate. Hydrogels were allowed to form overnight at 4°C. After hydrogel formation, solution was exchanged by removing the supernatant, while avoiding disturbing the hydrogel structure, and then adding an equal volume of medium (10% FCS in DMEM high glucose with sodium pyruvate͞2 mM glutamine͞penicillin and streptomycin). C17.2 murine neural stem cells (1.0 ϫ 10 4 cells per well) (43) were added and allowed to grow for several days at 37°C. Photomicrographs were taken 12 h after cell addition.
TEM Imaging. Nickel mesh grids previously coated with Formvar and evaporated with carbon were floated on drops of 0.1% poly-L-lysine (Sigma Diagnostics) on parafilm for 5 min. Excess solution was removed from the grid by carefully touching the edge of the grid onto filter paper. The grids were not allowed to dry completely in any of the following steps. The grids were floated on drops of sample on parafilm for 1 h. Excess fluid was removed as described above, and the grids then were floated on drops of 1% ammonium molybdate in 0.02% BSA in distilled water (pH 7.0) for 60 sec. Excess fluid was removed, and the grids were allowed to dry overnight. TEM images were captured by a transmission electron microscope (JEM-1010, JEOL) fitted with an AMT Advantage (Deben UK Limited, Suffolk, U.K.) digital charge-coupled device camera system. Au nanoparticle size (44 Ϯ 9 nm) was determined by averaging particle sizes within representative TEM fields. Df analysis of the two-dimensional TEM images was performed with the box-counting method (IMAGEJ 1.33 software). Df measurements were averaged from 10 separate TEM images of three different samples.
Cell-Targeting and Peptide-Inhibition Assay. B-16 malignant melanoma cells were seeded on 16-chamber culture slides (BD Falcon, Bedford, MA) at a density of 5 ϫ 10 4 cells per well and grown overnight at 37°C in RPMI (GIBCO͞BRL) containing 10% FBS, antibiotics, and 1% L-glutamine. The next day, each well was blocked with RPMI 30% FBS for 1 h at 37°C and incubated with different concentrations of RGD-4C synthetic peptide (from 10 Ϫ3 to 10 Ϫ10 nM) for 30 min. Suspended and purified Au-phage (10 7 TU) solutions then were added to the wells. After 12 h, fluorescence phage staining was performed as described in Fluorescence Imaging.
Fluorescence Imaging. After the cell-targeting assay, cells were washed and fixed with PBS containing 4% paraformaldehyde. The cells then were permeabilized with 0.2% Triton X-100, washed, and blocked with PBS containing 1% BSA, and the cells were incubated with rabbit anti-fd bacteriophage antibody (Sigma) for 2 h at room temperature followed by a 1-h incubation with Cy3-labeled anti-rabbit IgG antibody (Jackson ImmunoResearch). Finally, cells again were fixed with PBS containing 4% paraformaldehyde and mounted in the presence of DAPI (nuclear staining dye, Vectashield, Vector Laboratories). Images were acquired with an Olympus fluorescence microscope equipped with an Hg lamp and a band-pass excitation filter (530-555 nm) in the fluorescence excitation path and a long-pass dichroic filter (570 nm) and long-pass filter (590 nm) in the emission path.
Confocal Fluorescence Imaging. After the cell-targeting assay, cells were incubated with rabbit anti-fd bacteriophage antibody and mouse anti-␤ 1 integrin antibody in PBS͞1% BSA for 2 h at room temperature followed by a 1-h incubation with Cy3-labeled anti-rabbit IgG antibody and Cy5-labeled anti-mouse IgG antibody diluted in PBS containing 1% BSA (Jackson ImmunoResearch). SYTOX green nucleic acid stain (Molecular Probes) was then incubated with the cells for 10 min. Confocal images were acquired with a Zeiss LSM510 laser scanning confocal microscope by using krypton-argon and helium-neon lasers. Image analysis and stack projections were created with the Zeiss LSM 3.2 software package.
Dark-Field Imaging. Dark-field images were acquired before the permeabilization step and antibody incubations described in the cell-targeting assay procedure with an Olympus fluorescence microscope equipped with a dark-field condenser.
SERS Detection of Cells. KS1767 cells (2 ϫ 10 5 ) were incubated in 1.0 ml of Eagle's minimal essential medium (MEM) containing 2% FBS with phage (10 9 TU) or Au-phage-imid (10 6 TU) for 18 h at 37°C. Negative controls included cells alone and fd-tet phage, Au-fd-tet, Au-fd-tet-imid, and Au only. Each tube was washed with a glycine buffer (50 mM glycine͞150 mM NaCl, pH 2.8) followed by several PBS washes. Cells then were counted and normalized to the lowest cell count. SERS measurements of suspended cells were gathered by using an R2001 Raman spectrometer (Ocean Optics, Dunedin, FL) equipped with a fiber-optic probe to deliver 785-nm laser light and to collect the Raman-scattered light.
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